ABSTRACT We tested the hypothesis that the entomopathogenic fungus Beauveria bassiana would be more efÞcacious on oat cultivars that prolonged the immature developmental period of sawtoothed grain beetle, Oryzaephilus surinamensis (L.), a storage pest. However, percentage of reduction in progeny production was similar on whole ÔDonÕ and ÔPaulÕ oats treated with fungus, even though immature developmental time was longer on whole ÔDonÕ than on ÔPaulÕ oats. In our initial test at 10 mg of conidia per kilogram of oats, the number of beetle progeny produced was reduced by 38 Ð 67% in whole oats, and there was no effect of the fungus on insects developing on cracked oats. Therefore, we conducted two doseÐresponse studies that showed that adding 150 mg of conidia per kilogram to cracked or whole ÔPaulÕ oats resulted in a 70 and 98% reduction, respectively, in number of progeny produced. No further reduction was obtained by adding 200 mg of conidia per kilogram of cracked or whole ÔPaulÕ oats. Presence of the fungus did not affect developmental time in any of our tests. A previous study showed that cleaned oats should limit insect population growth to allow long-term storage of oats without insect damage. However, the current study shows that if the oats are not cleaned, and not cleaning oats is the normal storage practice, then B. bassiana could be used to help control sawtoothed grain beetles.
APPROXIMATELY 125 MILLION BUSHELS of oats, Avena sativa L., are harvested in the United States each year (USDA, NASS 2003) , and stored oats are susceptible to infestation by insects (Ingemansen et al. 1986 ). Residual insecticides are used to control insect pests of stored oats, but alternative control strategies are desirable because of the loss of insecticides due to resistance and reregistration and because of consumer desire for pesticide-free grain (Arthur 1996) . One alternative control strategy is the use of resistant oat cultivars. Some oat cultivars are relatively resistant to storage insect pests, and whole oats are more resistant than broken oats (Throne et al. 2003) . Simulations indicate that insect populations would die out over time on cleaned oats, whereas broken oats support rapid population development (Throne et al. 2003) . However, cleaning oats before storage is not a common practice, so bins of oats contain broken kernels. Thus, selecting relatively resistant cultivars for planting and storage would not eliminate insect problems in stored oats.
Two control strategies that each provide moderate levels of control when used together may provide control of a pest at a level that keeps the population below a treatment threshold (Throne 1989) . Host plant resistance is generally considered to be compatible with other management strategies, and these combined control strategies can be key components of an integrated pest management program (Panda and Khush 1995, Throne et al. 2000) . Thus, we hypothesized that combining use of a natural enemy with the use of resistant oat cultivars might provide a higher level of control of insect pests of stored oats than either method alone and that the two control strategies when used together might result in economically acceptable levels of control. However, there are mixed reports about the effects of host plant resistance mechanisms on natural enemies. For example, Schmale et al. (2003) showed that combined use of the parasitoid Dinarmus basalis (Rondani) with moderately resistant bean varieties that prolong duration of larval development of the stored bean pest the bean weevil, Acanthoscelides obtectus (Say), resulted in decreased damage to the beans, although the most resistant variety negatively impacted parasitoid population development, resulting in damage levels similar to that of the susceptible control. Toews et al. (2001) reported that wheat resistance did not impact efÞcacy of the parasitoid Theocolax elegans (Westwood) for control of the lesser grain borer, Rhyzopertha dominica (F.), developing in stored wheat. Fuentes-Contreras et al. (1998) reported that wheat resistance could negatively impact the efÞcacy of the entomopathogenic fungus Erynia neoaphidis for control of the grain aphid, Sitobion avenae (F.), but that the impact depended on the timing of parasitoid oviposition and fungal infection. Pfannenstiel and Yeargan (1998) reported that feeding on prey that had fed on resistant soybean plants negatively impacted developmental time and fecundity of the predator Nabis roseipennis Reuter. Thus, it is not possible to predict the possible interaction of host plant resistance with natural enemies for control of a pest.
In this study, we investigated the combined use of resistant oat cultivars and the entomopathogenic fungus Beauveria bassiana for control of the sawtoothed grain beetle, Oryzaephilus surinamensis (L.) (Coleoptera: Silvanidae). The sawtoothed grain beetle was chosen for the study because it is a proliÞc pest of oats. B. bassiana has previously been shown to provide moderate to high levels of control of O. surinamensis in stored grain. Lord (2001) reported that use of B. bassiana resulted in 72% mortality of adult O. surinamensis when the fungus was applied at 300 mg of conidia per kilogram of wheat (300 ppm). Searle and Doberski (1984) reported a 91% reduction in O. surinamensis larvae and pupae in cultures treated with 10 9 conidia per 50 g of culture medium (Ϸ317 ppm, based on weight of conidia as determined in the current study). B. bassiana also has been shown to provide moderate to high levels of control of other stored-product insect pests, including the maize weevil, Sitophilus zeamais Motschulsky (Adane et al. 1996 , Hidalgo et al. 1998 ; the rice weevil, Sitophilus oryzae (L.) (Rice and Cogburn 1999 , Dal Bello et al. 2001 , Padṍn et al. 2002 ; the larger grain borer, Prostephanus truncatus (Horn) (Bourassa et al. 2001 , Meikle et al. 2001 ; the lesser grain borer, Rhyzopertha dominica (F.) (Rice and Cogburn 1999, Lord 2001) ; the bean weevil (Ferron 1977) ; the rusty grain beetle, Cryptolestes ferrugineus (Stephens) (Lord 2001) ; and the red ßour beetle, Tribolium castaneum (Herbst) (Rice and Cogburn 1999) . Thus, if combining the two control strategies is efÞcacious, then there are many potential applications for control of storage insect pests.
In addition to our original hypothesis on combining use of the fungus and resistant oat cultivars for controlling sawtoothed grain beetles, we also investigated the tritrophic interactions between the seed, the herbivore, and the fungus to determine whether the level of resistance of the seed might impact the efÞcacy of the fungus and whether the type of seed resistance might be selected to improve the efÞcacy of the fungus. Throne et al. (2003) reported that duration of immature development of O. surinamensis could vary from 24 to 30 d on whole oats and number of progeny produced could vary from 1 to 40 on whole oats and from 66 to 147 on cracked oats, depending upon oat cultivar. Although we do not know the mechanisms that result in these developmental delays or in reduced numbers of progeny being produced, we hypothesized that B. bassiana would be more efÞcacious when attacking an insect that had a longer immature developmental period. Ecdysis is an important insect defense against pathogenic fungi (Fargues 1972 (Fargues , 1975 Vey and Fargues 1977) , because the conidia that adhere to the cuticle are cast off during ecdysis. Prolongation of the stadia between molts would allow more time for completion of the hyphal penetration process, and we expected that this would result in higher rates of mortality. Thus, in the current study, we investigated the efÞcacy of B. bassiana for control of O. surinamensis on two whole oat cultivars on which there were differences in immature developmental time in the previous study (24 d on ÔPaulÕ versus 30 d on ÔDonÕ), on two whole oat cultivars on which there were differences in numbers of progeny produced (13 on ÔDonÕ and 40 on ÔBrawnÕ), and on two cracked oat cultivars on which there were differences in number of progeny produced (67 on ÔPaulÕ and 147 on ÔValleyÕ). We then conducted doseÐresponse tests with the fungus to determine optimal application rates for control of O. surinamensis on cracked and whole oats.
Materials and Methods
Tritrophic Interactions. The experiment was arranged as a randomized complete block design with two rates of fungus (0 and 10 mg of conidia per kilogram of oats), three whole oat cultivars and two cracked oat cultivars, and four replications of each treatment. This fungus application rate was based on levels used in a previous study with larval sawtoothed grain beetles (J.C.L., unpublished data). Lots of 20 Ϯ 0.1 g of whole ÔPaulÕ, whole ÔDonÕ, whole ÔBrawnÕ, cracked ÔPaulÕ, or cracked ÔValleyÕ oats were placed in individual plastic cages (8.26 cm in height by 2.86 cm in diameter; model 55-15 15-dram vials, Thornton Plastics, Salt Lake City, UT) with a hole cut in the lid and a 100-mesh brass screen inserted into the lid to cover the hole. The cracked oats were cracked in the 50-ml cup of a blender (model PB5A, Waring Products Corp., Winsted, CT), processed 10 g at a time at high speed for 3 s. We cracked three 20-g samples of whole ÔPaulÕ oats by using this method to determine particle size of the resulting grain. All of the grain passed through a U.S. standard number six sieve (3.35-mm openings), 6.82 Ϯ 0.09 g (mean Ϯ SD) was retained on a number eight sieve (2.38-mm openings), 10.85 Ϯ 0.10 g was retained on a number 20 sieve (0.085-mm openings), and 2.27 Ϯ 0.04 g passed through the number 20 sieve.
The cages were randomly placed in two plastic boxes (28 by 38.5 by 15 cm in height), two replications per box, on a false ßoor and over saturated sodium chloride solutions to maintain relative humidity at 76% (Greenspan 1977) . The plastic boxes were placed in an incubator at 30 Ϯ 1ЊC, and the oats were equilibrated to these conditions for 6 wk.
The day before insects were added to the cages, B. bassiana conidia were added to the cages and mixed into the oats by rotating the cages. Commercially produced, unformulated conidia of B. bassiana isolate GHA (Emerald BioAgriculture, Butte, MT) were used. The germination rate of Ͼ90% was assessed after 16 h of incubation at 26ЊC on Sabouraud dextrose agar, and there were 6.3 ϫ 10 10 conidia per gram. Ten 2Ð 4-wk-old female sawtoothed grain beetles, chilled and sexed using the method of Halstead (1963) , were placed in each cage. Sawtoothed grain beetles were from a laboratory colony that originated in Kansas and has been maintained in our laboratory for Ͼ40 yr. Females were removed after 72 h and placed in ethanol; species and sex were conÞrmed (Kingsolver 1991) . Adult progeny were removed from the samples every 3.5 d, starting 14 d after the ovipositing females were removed, by pouring the sample into a white enamel pan and removing adults with forceps. Separate pans were used for the 0 and 10 ppm fungal treatments to avoid contamination. Data for number of progeny produced and duration of development were analyzed using PROC GLM (SAS Institute 2001).
Dose Response on Whole and Cracked Oats. Methods were similar to those used in the tritrophic study, and only differences are noted here. There were six rates of B. bassiana (0, 5, 10, 25, 50 , and 75 mg of conidia per kilogram of whole oats; and 0, 25, 50, 100, 150, and 200 mg of conidia per kilogram of cracked oats). Only ÔPaulÕ was used because percentage of reduction in progeny production was lowest on both cracked and whole ÔPaulÕ oats in the tritrophic test. Thus, this would be a worst-case scenario for the doseÐresponse study. Presumably, if we could reduce the number of progeny produced on ÔPaulÕ with higher doses, then we should be able to do the same on other cultivars. There were 36 cages total: three replications ϫ six rates ϫ two oat conditions (cracked or whole). Samples were checked for progeny in order of dose (lowest dose Þrst) to minimize risk of contamination. Dose Response on Whole Oats. An additional doseÐ response study was conducted to extend the range of doses tested on whole ÔPaulÕ oats. Methods were similar to those used in the previous study, and only differences are noted here. There were seven rates of B. bassiana (0, 25, 50, 75, 100, 150 , and 200 mg of conidia/kg of oats). There were 28 cages total: four replications ϫ 7 rates. TableCurve 2D (SYSTAT 2002) was used to Þt curves to the doseÐresponse data.
Results
Tritrophic Interactions. Variances for number of progeny produced were not homogeneous (Table 1) , but increased with the means. So, the Box-Cox transformation (Box and Cox 1964 ) was used to homogenize variances. Data were transformed as ͑x 0.5 ͒ Ϫ 1 0.5 , where x is number of progeny produced. After transformation, the interaction was signiÞcant (F ϭ 6.9; df ϭ 4, 30; P Ͻ 0.01), so untransformed data were analyzed by oat condition/cultivar for fungal effect (variances were homogeneous within an oat condition/cultivar). Presence of the fungus reduced the number of progeny produced on whole ÔPaulÕ and ÔBrawnÕ oats, but not on cracked oats or on whole ÔDonÕ oats (Table 1) . Presence of the fungus did not affect developmental time (Table 2 ; F ϭ 0.18; df ϭ 1, 30; P ϭ 0.67). Duration of development varied with cultivar and oat condition (F ϭ 32.3; df ϭ 4, 30; P Ͻ 0.01); the interaction was not signiÞcant (F ϭ 0.37; df ϭ 4, 30; P ϭ 0.83). Variances were not homogeneous, but they could not be homogenized because there was no consistent pattern. Variances were homogeneous within an oat condition/cultivar, so we also analyzed the data by oat condition/cultivar. However, we still found no effect of the fungus on developmental time (whole ÔBrawnÕ: F ϭ 0.13; df ϭ 1, 6; P ϭ 0.74; whole ÔDonÕ: F ϭ 0.02; df ϭ 1, 6; P ϭ 0.90; whole ÔPaulÕ: F ϭ 0.69; df ϭ 1, 6; P ϭ 0.40; cracked ÔPaulÕ: F ϭ 0.04; df ϭ 1, 6; P ϭ 0.85; cracked ÔValleyÕ: F ϭ 1.31; df ϭ 1, 6; P ϭ 0.30.) Dose Response on Whole and Cracked Oats. Number of progeny produced generally decreased with rate of B. bassiana on cracked ( Fig. 1 ; F ϭ 17.4; df ϭ 5, 10; P Ͻ 0.01) and whole ÔPaulÕ oats (F ϭ 5.5; df ϭ 5, 9; P ϭ 0.01), and means ranged from 42 to 141 on cracked oats and from 26 to 88 on whole oats. Variances for whole oats were not homogeneous; however, the variances could not be homogenized because there was no consistent pattern to the variances.
Duration of development did not vary with rate of B. bassiana on cracked ÔPaulÕ oats ( Fig. 2 ; F ϭ 2.3; df ϭ 5, 10; P ϭ 0.13); mean duration ranged from 22.9 to Fig. 2 ; F ϭ 9.9; df ϭ 5, 9; P Ͻ 0.01); however, mean duration only ranged from 24.9 to 25.6 d, and there was no consistent pattern to the developmental times. Thus, rate of the fungus did not affect developmental time in a predictable pattern on either cracked or whole oats. Dose Response on Whole Oats. Number of progeny produced decreased as rate of B. bassiana increased ( Fig. 3 ; F ϭ 139; df ϭ 6, 21; P Ͻ 0.01). A logistic doseÐresponse equation was used to describe the effect of dose on number of progeny produced:
c , where y is number of progeny produced, x is dose, a is maximum number of progeny produced ϭ 60 (SE ϭ 1.66), b is dose at which 50% of the maximum number of progeny was produced ϭ 15 (SE ϭ 2.10; 95% CL ϭ 23.7Ð36.3) mg/kg, and c is 1.5 (SE ϭ 0.21). Duration of development did not vary with rate of B. bassiana on whole ÔPaulÕ oats ( Fig. 3 ; F ϭ 1.9; df ϭ 6, 16; P ϭ 0.14). Variances were not homogeneous and could not be homogenized. The nonhomogeneity was due to poor survivorship and resulting high variability at high doses. There were progeny produced in only one and two replications (out of four replications) at 150 and 200 mg/kg, respectively.
Discussion
Applying B. bassiana to the oats did not affect developmental time of the sawtoothed grain beetle in any of the tests. Presence of the fungus did affect number of progeny produced. In the Þrst test, we had hypothesized that the fungus would be more effective on whole ÔDonÕ than on whole ÔPaulÕ oats because immature developmental time in a previous test (Throne et al. 2003) was longer on whole ÔDonÕ than on whole ÔPaulÕ; however, this was not the case. Percentage of reduction in number of progeny produced was 43% on whole ÔDonÕ and 38% on whole ÔPaulÕ treated with fungus. The percentage of reduction in progeny production was larger on whole ÔBrawnÕ (67%), the cultivar that had a large number of progeny produced in the previous test (40), than on whole ÔDonÕ (43%), the cultivar that had only 13 progeny produced in the previous test. However, we have no explanation for this difference in progeny production.
There was no effect of the fungus on insects developing in cracked oats in the test. We had chosen to apply the B. bassiana at 10 mg of conidia per kilogram of oats based on results from a previous study with sawtoothed grain beetle larvae feeding on crimped wheat (J.C.L., unpublished data). However, that rate was not high enough to cause mortality when the larvae fed on cracked oats in the current study. The fungus might not be as effective on cracked oats as on whole oats because of the larger surface area of the cracked oats, possibly resulting in a lower effective dosage. In addition, the insects may move less in cracked oats, because there is a surplus of food easily available, whereas there is probably greater movement on whole oats as the insects search for food (they cannot feed on intact oats) and thus get exposed to more conidia. An alternative explanation might be that the insects are already stressed on whole oats, because cracked oats are more suitable for development (Throne et al. 2003) , and thus, the stressed insects might be more susceptible to the fungus. Enhancement of B. bassiana-induced mortality by nutritional stress has been reported for Blissus leucopterus leucopterus (Say) (Ramoska and Todd 1985) and Chrysoperla carnea (Stephens) (Donegan and Lighthart 1989) . The results from this Þrst test led us to investigate whether increasing the rates of B. bassiana on cracked and whole oats would cause higher rates of mortality. Percentage of reductions in progeny production was 38 Ð 67% on whole oats, indicating that higher rates of B. bassiana might result in commercially viable reductions in progeny production.
The Þrst doseÐresponse test showed that adding 50 mg of conidia per kilogram of cracked or whole ÔPaulÕ oats resulted in a 50% reduction in number of progeny produced. Adding 75 or 150 mg of conidia per kilogram of whole or cracked ÔPaulÕ oats, respectively, resulted in a 70% reduction in number of progeny produced. No further reduction was obtained by adding 200 mg of conidia per kilogram of cracked ÔPaulÕ oats. However, a mortality asymptote was not reached on whole ÔPaulÕ; therefore, we conducted an additional doseÐresponse test that showed that adding 150 mg of conidia per kilogram of whole oats resulted in a 98% reduction in progeny produced. No further reduction was obtained by adding 200 mg of conidia per kilogram of whole ÔPaulÕ oats. Thus, maximum effect of the fungus on population growth would be obtained with 150 mg of conidia per kilogram of oats.
We do not know whether the observed reductions in progeny production were due to effects of the fungus on adult or immature O. surinamensis, or both. Median lethal doses of B. bassiana for larvae and adults of O. surinamensis are nearly identical, when determined after 8 d (Lord 2001 ; J.C. L., unpublished data); however, we do not know whether the median lethal doses are the same when determined after 3 d, which was the length of time that adults were exposed to the fungus in the current study. Few of the ovipositing females died during the 3-d oviposition period: two of 400 in the Þrst test, four of 360 in the second test, and zero of 280 in the third test. Although there was little direct mortality to the adults, there may have been sublethal effects on numbers of eggs laid or viability of the eggs. We did expect fungus-induced mortality of immature O. surinamensis based on previous research (Searle and Doberski 1984) .
The experiments described here were conducted at 30 Ϯ 1ЊC and 76% RH, conditions within the range favored by O. surinamensis. Searle and Doberski (1984) reported that they obtained B. bassiana infections of O. surinamensis adults at 100% RH, but not at Յ90%. They obtained a 91% reduction in larvae and pupae under culture conditions of 20ЊC and 100% RH. Fargues et al. (1997) reported that 25Ð28ЊC is the optimal temperature range for growth of most B. bassiana isolates tested, including GHA. Thus, the fungusÕ performance under putatively unfavorable temperature and relative humidity conditions is encouraging.
The combined use of resistant oat cultivars with the fungus B. bassiana shows potential for control of sawtoothed grain beetles in stored oats. A previous study (Throne et al. 2003 ) showed that cleaned oats should limit insect population growth to allow long-term storage of oats without insect damage. However, this study shows that if the oats are not cleaned, which is the normal storage practice, then the fungus B. bassiana could be used to help control sawtoothed grain beetles. A costÐ beneÞt analysis would be required to determine the optimal rate of B. bassiana to use for commercial application. The study also demonstrated that two control technologies that each provides partial control of insect populations when used alone can together provide improved control, as suggested by Throne (1989) . Our hypothesis that the fungus would be more efÞcacious on oat cultivars that prolonged larval development was not supported by our data.
